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WATER CHEMISTRY AND OSMOREGULATION IN SOME ARTHROPODS, 
ESPECIALLY MALACOSTRACA 
D . W. SUTCLIFFE 
Introduction 
All animals (and plants) need to osmoregulate their salt and water 
content. Failure to do so leads to hydration or dehydration of the tissue 
cells, with fatal consequences. In the case of aquatic animals, it is 
convenient to immediately introduce three commonplace observations. 
First, many marine animals die rapidly when placed in fresh water. Second, 
the principal inorganic solutes in ocean and sea waters are sodium (c. 460 
mM Na or 10.8 g l-1) and chloride (c. 535 mM CI or 19.4 g 1_1). Water is 
fresh to the taste when it contains about 5 mM NaCl, approximately 1 % sea 
water. Fresh waters in general contain 0.2-0.5 mM NaCl, three orders of 
magnitude less than the concentration in ocean waters. Third, the 
proportions of major ions in the oceans and seas are similar and remain 
relatively constant. These three observations can be matched with three 
that are less commonplace. First, many freshwater animals die rapidly 
when placed in certain types of fresh water. Second, the principal inorganic 
solutes in fresh waters are sodium and/or calcium chloride, sulphates and 
(bi)carbonates. The range of sodium chloride concentrations in fresh 
waters is three orders of magnitude, from 1-5 mM down to 0.001-0.005 
mM. Third, the proportions of major ions in fresh waters differ widely 
depending on their location, and the actual concentrations may also vary 
widely (e.g. daily or seasonally) in any one locality. 
Thus fresh waters represent a range of salinities and a series of 
physiological challenges equalling those which confront marine organisms 
when they enter brackish water. In the latter case the major challenge is to 
combat hydration resulting from osmotic water uptake and diffusional ion 
loss. Freshwater organisms face the same challenge. This article briefly 
summarizes some chief characteristics of osmoregulatory systems in 
malacostracan crustaceans, evolved to combat hydration, and the 
limitations thereby imposed on the salinity tolerance and distribution of 
these animals. 
It should be noted that for simplicity in the following account all 
concentrations, rates and similar quantities are approximations only; more 
precise data may be obtained from the original papers cited in the account. 
Osmoregulation in arthropods 
The primary objective is to maintain the constancy of several basic types 
of intracellular fluid, characteristic of nerves, muscles, and other excitable 
tissues. Osmoregulatory control is mediated via feed-back systems which 
operate ion transporting sites located in excretory systems and in other 
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specialized areas like the gills of crustaceans; the gills are important sites 
for water and ion exchange in addition to gas exchange. The efficacy of the 
control systems is enhanced by two barriers between the intracellular fluids 
and the external environment. These are (1) the extracellular space filled 
with blood, and (2) the cells of the body wall. In most arthropods the 
principal solutes in blood are Na+ and Cl - but some specialized insects have 
a blood composition that resembles intracellular fluid (Sutcliffe 1963). 
When an area of the body wall is permeable to water and ions their 
movements between the external medium (Cout) and the blood (Cin) are 
partly dictated by electro-chemical gradients across the permeable area. In 
marine crustaceans, Cin is slightly greater (hyperosmotic) than Cout , so 
osmotic diffusion of water occurs in the direction Cout —> Cin. The high 
solute concentration of blood is due largely to sodium and chloride ions that 
are slightly hypertonic to the medium, so diffusion of sodium chloride 
occurs in the direction Cin—> Cout. Clearly the net effect of these movements 
(in the absence of active osmoregulation) will be dilution of the blood and 
eventually dilution of the tissue cells. When placed in less saline media, i.e. 
brackish or fresh water, dilution of the blood will occur at a greatly 
increased rate. Similarly, when Cout is greater than ocean water the 
diffusion gradients are initially reversed and the blood will become more 
concentrated. In some insects - all larvae of dipterans - these movements 
down diffusion gradients are minimized because the body wall is very 
impermeable. Osmotic control is exercised by restricting the ingress of salt 
water via the mouth (the alimentary system is highly permeable) and by 
excreting a very concentrated urine when in saline media. These insects 
(Ephydra, Cricotopus, Coelopa, Aedes) have exploited habitats ranging 
from slighty brackish to saline rock pools and inland salt lakes with 
salinities several times that of ocean water (Sutcliffe 1960). 
Other aquatic insects are more permeable and are generally restricted to 
the salinity range fresh water - 20% sea water, where osmoregulation 
breaks down, although the larvae of two species of caddisfly can tolerate 
much higher salinities (Sutcliffe 1961a, b, 1962; Leader 1972). Some fresh-
water crustaceans have a relatively low permeability but osmoregulation in 
all crustaceans is based on systems that balance water and ion movements 
across permeable areas of the body (chiefly the gills). The evolutionary 
development of these osmoregulatory systems is illustrated below with 
gammarid crustaceans (Amphipoda). 
Marine-littoral — estuarine species (Marinogammarus finmarchicus, 
Gammarus locusta). 
These osmoregulate down to 20% sea water where there is a large 
osmotic water influx into the animal and a diffusional loss of salts from 
blood maintained at 65% of the level found in sea-water animals. Water 
gained by osmosis in a 24-h period is equivalent to 50% total water content 
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of the animal (at 10 °C) and this water is eliminated via urine. (The water 
content in different gammarids ranges from 72 to 80% of the body wet 
weight; the higher values for water content occur in freshwater species). 
But the urine contains solutes, chiefly sodium chloride, with a total 
concentration equal to that of the blood, so there is a continuous loss of ions 
in urine which has to be produced simply to remove unwanted water. The 
urinary sodium loss is about equal to diffusional losses via permeable body 
areas and in 20% sea water the hourly total sodium loss from M. 
finmarchicus is equivalent to 10% of the sodium in the animal (Sutcliffe 
1971d). Thus half of the animal's entire sodium content would be lost in 
about 5 hours (at 10 °C) and it would die without some means of replacing 
the lost ions. This is done by transporting systems in the gills where ions are 
moved from Cout to Cin. Movement of at least some ions, e.g. sodium, is by 
active transport against an electro-chemical gradient. Stobbart (1967, 
1974) describes what a transporting system might be like. Sodium 
transporting systems display saturation kinetics similar to the well known 
Michaelis-Menten relationship for enzymatic catalysis. The kinetics are 
studied with radioactive-isotopes, where influx = uptake rate of 22Na; at the 
low values of Cout considered in this article, 22Na influx is usually (but not 
always) equivalent to uptake of non-radioactive sodium-23. 
At low values of Cout , sodium influx (K) is rate-limited according to the 
relationship K = Kmm[Cout/(Cout+Km)] (Shaw & Sutcliffe 1961; Sutcliffe 
1967a, b). Thus a straight-line relationship is obtained when the reciprocal 
of sodium influx is plotted against the reciprocal of Cout for sodium (e.g. see 
FIG. 1. Sodium uptake and loss in Marinogammarus finmarchicus at 10 °C. The curve 
depicts uptake at its fastest rate; it is rate-limited at external concentrations below 100 mM 
Na or approximately 20% sea water. 
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Sutcliffe 1974, 1975) and two characteristics of the influx can be 
determined. The first of these is the maximum rate of sodium transport, 
Kmax , which is a measure of the capacity of the fully loaded (saturated) 
transporting system when it is operating at or near its fastest rate. The 
second characteristic is the value of Cout at which the transporting system is 
half saturated, i.e. is working at half its full capacity, i.e. 1/2 Kmax. This 
particular value of Cout is referred to as the Km value; it is a very useful and 
important guide to the functional capabilities of a transporting system for 
working at a given external salinity. In M. finmarchicus, Km for sodium 
transport is 6-10 mM Na (2% sea water) and Kmax is reached at about 100 
mM Na (20% sea water). Fig. 1 shows that Kmm just balances total sodium 
losses in 20% sea water. When Cout is lowered to 10% sea water, losses 
exceed the fastest rate of uptake that can be achieved at Cout = 50-60 mM 
Na, consequently there is a net loss of sodium from the animal. Some 
individuals die as a result, others reach a new equilibrium with a lowered 
blood concentration and they may survive for a time, but any further 
reduction in Cout leads to more net loss of body sodium and all individuals of 
M. finmarchicus and G. locusta will eventually die in 2-10% sea water 
(Sutcliffe 1968, 1971d). 
Euryhaline brackish-water species (G. duebeni, G. zaddachi, G. tigrinus) 
These tolerate salinities which are technically fresh water. G. zaddachi 
does not breed but survives for months in dilute fresh water (Sutcliffe 
1970). Both G. duebeni and G. tigrinus have breeding populations in fresh 
water, although G. tigrinus occurs in only one locality (L. Neagh, Northern 
Ireland) where Cout is much below 1 mM NaCl. All three species have 
important new osmoregulatory features. First, they are three to four times 
less permeable to water and ions; osmotic uptake of water at low salinities is 
thus reduced to a third, the urine output required to eliminate it is similarly 
reduced and so is the potential salt loss in the urine (Sutcliffe 1968). 
Second, a further saving is made by manufacturing a dilute urine when in 
fresh water. Thus at 10 °C and salinities below 2% sea water, the hourly 
total sodium losses are equivalent to 2% body sodium in G. duebeni, i.e. 
about one-fifth of the loss rate in M. finmarchicus. Since Kmax operates at 
the high rates found in marine-littoral species, the ability to match the 
uptake rate against sodium loss is greatly increased (Figs 2 and 3). Third, 
the sodium transporting system has a higher affinity for ions and now 
operates at half capacity when Cou t= 1-2 mM Na, i.e. Km= 1.5; Kmax is 
reached at Cout = 6-10 mM Na. Fresh waters containing these relatively 
high levels of sodium are rarely found in inland areas in northwest Europe 
but they do occur in the Cheshire plain, England, where G. tigrinus is 
common, and also in coastal streams where there are local populations of 
G. duebeni (Sutcliffe 1967c). In G. duebeni from fresher waters 
(Cout= 0.4-0.6 mM Na) in Ireland, sodium affinity is further increased so 
FIG. 3. Sodium influx (K) and loss (L) at 10 °C in populations of Gammarus duebeni. A, 
fast uptake in animals from brackish water (K1), fresh water in Kintyre (K2), fresh water in 
Ireland (K3); B, slow (K1) and fast (K2) uptake in animals from brackish water with loss 
rates when acclimated to 1 mM (L1) and 0.5 mM (L2); slow (K3) and fast (K4) uptake in 
Irish freshwater animals and loss at 0.25 mM (L3) and 0.05-0.10 mM (L4). 
FIG. 2. Comparison of sodium influx (K) and loss (L) at 10 °C in Gammarus pulex (K1, 
and L1), G. duebeni (K2 and L2), and Marinogammarus finmarchicus (K3 and L3). 
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that Kmax is reached at 1.2 mM Na and Km = 0.4-0.7, i.e. in Irish G. 
duebeni the transporting system is normally operating at half its saturation 
capacity (Fig. 3). The actual rate of transport in these animals can be 
altered but it is critically dependent on the external concentration, falling 
very rapidly when Cout is below 0.3 mM Na to coincide with an observed 
minimum rate of loss in animals held at Cout = 0.1 mM Na (L4, Fig. 3). 
Survival at this low concentration is limited to a few days; in nature, G. 
duebeni has not been found in waters containing less than 0.25 mM Na or 6 
mg Na 1_1 (Sutcliffe 1967c). 
The sequence of changes that have occurred in the sodium transporting 
systems of G. duebeni from progressively fresher habitats can be explained 
by continued severe natural selection; the differences are largely if not 
wholly phenotypic and there is no good evidence to suppose that there are 
physiological races with distinct genotypes. Further details of 
osmoregulatory and morphological differences within and between 
freshwater and brackish-water populations of G. duebeni may be found in 
Sutcliffe (1967b, 1971a, b, 1972a) and Sutcliffe & Shaw (1968). 
Freshwater species (G. pulex, G. lacustris, Crangonyx pseudogracilis) 
In these species, body permeability is not altered but Cin is halved. Kmax is 
lowered to about one-tenth of the maximum influx in euryhaline and 
marine species, and Kmax is reached at the low concentration of 
Cout= 0.8-1.0 mM Na, i.e. one hundred times lower than in marine-
littoral species (Figs 2 and 4). The half-saturation value, Km , is greatly 
reduced to 0.10-0.15 mM Na. The turnover rates of water and sodium are 
therefore further reduced. There is less osmotic water to eliminate in the 
urine, and reabsorption of ions in the kidney (antennary glands) produces a 
very dilute urine, minimizing sodium loss via this route to 20% of the total 
sodium loss (Sutcliffe 1967a, 1971c, 1975; Sutcliffe & Shaw 1967). At very 
low salinities, when Cout is below 0.2 mM Na, an even more dilute urine is 
manufactured. Even so the animal would lose half of its internal sodium in 
less than 24 hours and would die in the absence of sodium uptake by the 
transporting system. Clearly it is vital for the animal to replace the 
continuous loss of ions but the ability to do this is partly dependent on Cout 
and there is a lower limit below which the uptake system cannot achieve the 
normal net balance required to maintain internal equilibrium. This limit 
lies between Cout = 0.05 and 0.2 mM NaCl in gammarids from Britain 
(Fig. 4). The following is a very brief summary of some main features of the 
sodium feed-back regulating system described by Sutcliffe (1967a) and 
Sutcliffe & Shaw (1967) for G. pulex and G. lacustris. 
At Cout above 0.2 mM Na, Cin is constant at the normal level of 135 mM 
Na, and Na uptake = Na loss. If net sodium loss occurs, there is a 
temporary fall in Cin and the transporting systems in the gills and 
antennary glands are activated to move (absorb) more ions from the 
DIRECTOR'S REPORT 63 
external medium and from the urine. The increased uptake now exceeds the 
loss rate, resulting in a net uptake to replace the former net loss. When Cin 
is restored to its normal level the transporting systems slow down so that 
equilibrium is again achieved (i.e. uptake = loss). At Cout below 0.2 mM Na 
the capacity for net uptake is reduced because, even when the transporting 
system in the gills is operating at its fastest rate, uptake is limited by the low 
external concentration of ions - fewer ions are available for transport. 
Although some net uptake can occur (Fig. 4), it is not sufficient to redress 
all of the sodium loss, so Cin falls to a new permanent level depending on 
Cout. If the latter is reduced below 0.05 mM Na the capacity for net uptake 
is zero and continuous net loss will rapidly result in death. At 
concentrations below Cout 0.2 mM Na the animal is under continuous 
osmoregulatory stress. This applies to G. pulex, G. lacustris and Crangonyx 
pseudogracilis (and the British crayfish, Austropotamobius pallipes). 
FIG. 4. Diagram of sodium balance in freshwater gammarids. Further explanation in the 
text. 
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Distribution of malacostracans limited by water chemistry 
As stated above, the half-saturation value of the influx (Km) is a useful 
guide to the external concentration (Cout) at or below which the 
experimental animals experience osmoregulatory stress. This stress is 
manifested by a lower than normal blood concentration and ion uptake at 
or near its fastest rate. My experiments were done on adult intermoult 
animals. Osmoregulatory stress may be expected to be even more severe 
during the moult, when water and ion fluxes are greatly increased (e.g. 
Lockwood & Inman 1973). In the freshwater gammarids considered here, 
high mortality of juveniles is therefore expected at Cout below 0.2 mM NaCl 
and, although other factors are also involved, a low sodium (and chloride) 
concentration in the water may be partly responsible for the relatively low 
population densities of G. pulex that usually occur in dilute headwater 
streams and high tarns in Britain, where Cout is sometimes below 0.1 mM 
Na in mid-summer. In some continental areas where Cout is an order of 
magnitude lower at around 0.01 mM NaCl, gammarids are completely 
absent. So are most other malacostracans, e.g. asellids and crayfishes, 
which have sodium regulatory mechanisms similar to those of the 
gammarids (Fig. 5). The malacostracan species inhabiting the fresh waters 
of northern temperate Europe (and possibly also in America) generally 
seem to have moved north and west with the retreating ice at the end of the 
FIG. 5. Depicting fast rates of sodium influx at 20 °C in three asellids compared with 
Gammarus pulex. The arrows indicate values for Km in each species. 
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last glaciation and it may be assumed that at that time the waters probably 
had relatively high concentrations of major ions (Na+, K+, Ca2+, Mg2+, Cl-
and HCO3-) derived from the dissolution of freshly abraded sedimentary 
rocks and soils (see, for example, Mackereth 1965). Thus the animals 
colonizing these regions would have lived in waters with a chemical 
composition resembling that of present-day ion-rich lowland rivers and 
lakes. The much more dilute, ion-poor waters of some northern mountain 
areas, e.g. parts of the English Lake District, Snowdonia, Scotland and 
Scandinavia, have developed more recently and it may be postulated that 
some elements of the freshwater fauna, e.g. the malacostracans and 
molluscs, are still adapting to these dilute waters. Animals with an ancient 
history in fresh water, like the Insecta, probably encountered ion-poor 
waters on more than one occasion in pre-Glacial times; most aquatic insects 
can survive in very dilute fresh waters. In contrast the malacostracan fauna 
of northern Europe is not so well adapted. Possibly this fauna is derived 
from marine and brackish-water ancestors that have been associated with 
relatively saline (fresh to brackish) waters since the time of the Tethys Sea. 
Certainly the experimental evidence suggests that species like G. duebeni, 
G. tigrinus and Mesidotea entomon have only recently invaded fresh waters 
(Sutcliffe 1971b; Lockwood, Croghan & Sutcliffe 1976). The gastropod 
mollusc Potamopyrgus jenkinsi is another animal that may have only 
recently invaded fresh water in Europe. The decapods of the tropics (Fryer 
1977) may have had a longer history in fresh water but even so they are not 
all perfectly adapted to live in ion-poor waters (e.g. Shaw 1959). 
Complete adaptation to fresh water 
The American asellid, Asellus communis, is an interesting example of 
one malacostracan which apparently is very well adapted (Sutcliffe 1974, 
1975). It is three to six times less permeable than British freshwater 
ganimarids and asellids. Kmax is lower than in A. aquaticus and G. pulex 
(Fig 5; note that A. meridianus has a much higher value for Kmax, more like 
that of G. duebeni in Figs 2 and 3 and it is less well adapted than A. 
aquaticus). Sodium loss in A. communis is balanced by uptake at a 
minimum external concentration of Cout = 0.01 mM Na, compared with 
minimum Cout = 0.02-0.03 mM in A. aquaticus and A. meridianus and 
Cout= 0.05 mM in G. pulex. A. communis is common in northeastern 
America east of the Great Lakes where the fresh waters have sodium 
concentrations generally above 0.1 mM (>2.3 mg Na l-1) but, as elsewhere 
in parts of North America, many of the rivers and lakes have chloride 
concentrations well below 0.1 mM, in some cases as little as 0.006 mM CI 
(0.2 mg Cl l -1). The adaptive features of the sodium regulatory mechanism 
in A. communis, representing complete adaptation to ion-poor waters, are 
probably linked to the adaptations necessary to survive at Cout below 0.1 
mM Cl. British asellids and gammarids would probably be unable to 
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survive in the low chloride waters northeast of the Great Lakes, or in some 
upper reaches of the Mississippi River. 
Energetic cost of osmoregulation 
One consequence of a lower permeability to water and ions is that the 
daily turnover rates are reduced to very low levels. Hence it is probable that 
only a very small amount of energy will be required for thermodynamic 
work to move ions against the electro-chemical gradient. In the British 
crayfish, Austropotamobius pallipes, thermodynamic energy needed to 
move ions at maximum rates is apparently too small for direct 
measurement on intact animals but it probably represents 1.5-7.2% of the 
standard metabolic rate (Sutcliffe & Carrick 1975). Unpublished work 
suggests that a higher proportion of the metabolic rate may be required in 
freshwater gammarids which are some ten times more permeable than the 
crayfish (the latter's permeability is similar to that of A. communis). 
Discussion 
The above account shows that a fully adapted freshwater animal must be 
able to cope with sodium chloride concentrations ranging over at least three 
orders of magnitude. Many of the malacostracans in Britain cannot cope 
with such a wide range and their distribution is limited to relatively ion-rich 
fresh waters with, in some cases, 'fringe' populations living under 
osmoregulatory stress in ion-poor waters. It is also relevant to note here 
that turnover rates for water and ions increase with temperature; at 20 °C 
the turnover rates are approximately double the rates at 10 °C and 
experimental animals are less able to maintain ion and water balance near 
the extremes of their normal salinity range. In other words, when animals 
are exposed to osmoregulatory stress at very low (or high) salinities the 
mortality rate rises with increasing temperature. 
This account has focussed on the importance of sodium regulation as 
part of the overall osmoregulation in aquatic arthropods. As already 
mentioned the chloride ion is equally important. Some others deserve brief 
mention. The role of calcium in limiting the distribution of crustaceans and 
molluscs has been much discussed but more detailed physiological studies 
are desirable to examine the view that the buffering capacity of the water 
and the concentrations of other ions (Na+, K+, Cl-) are just as important 
and often more so than the actual calcium concentration (Sutcliffe & 
Carrick 1973a, c). Potassium is an important component of excitable 
tissues and the internal potassium concentration has to be closely regulated 
in the face of a relatively fast turnover rate. The concentration of 
potassium in some mountain streams falls to around 1 uM (39 ug K l-1) in 
mid-summer (Sutcliffe & Carrick 1973b, c) and G. pulex may have to rely 
on its food to supply at least some of the daily uptake necessary to maintain 
the animal's internal potassium content (Sutcliffe 1971c; Willoughby & 
Sutcliffe 1976). 
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The pH of the water is also extremely important, at least on the acid side 
of neutrality. One reason is that H+ ions compete with other cations at the 
ion transporting sites and, when the pH is below 6.0, sodium uptake is 
depressed in gammarids (unpublished) and in the crayfish (Shaw 1960). 
Other facets of intolerance to low pH are possibly linked to the exchange of 
carboxyl and hydroxyl ions between the animal and its environment. Why 
some animals can tolerate high acidity whereas others cannot is still largely 
a mystery, but in general the freshwater fauna of northern Europe is 
divisible into two groups separable by their response to prolonged exposure 
to pH less than 5.7 (Sutcliffe 1972b; Sutcliffe & Carrick 1973a). In the 
case of malacostracans, most of which cannot tolerate pH <5.7, 
experiments (unpublished) show that the osmoregulatory mechanisms 
break down, with a massive increase in the fluxes of water and ions and a 
loss of control over the internal salt and water content. Large-scale 
drinking of the medium occurs and in many respects the reaction to low pH 
closely resembles the reactions of freshwater animals exposed to saline 
media (e.g. Sutcliffe 1961b, 1962). 
Finally it is worth mentioning that much of the above account is equally 
relevant to freshwater fishes. Some, like the goldfish, are tolerant of 
extremely ion-poor and acid waters, but we know very little about the 
tolerances of many others, including the much-studied salmonids. 
However, recent work indicates that salmonids may experience 
osmoregulatory stress in some very dilute waters in Scandinavia where 
further stress, imposed by acid snow-melt water, is fatal (Braekke 1976). 
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